T he medial application of nuclear magnetic resonance (NMR) has made it possible to visualize organ structure safely and noninvasively by NMR imaging (MRI)1-4 and to nondestructively assay intracellular pH and/or the amount of high-energy phosphates essential for maintaining cardiac muscle contractility by`P-NMR spectroscopy (MRS).l-5 At present, three types of`P-MRS are available in heart studies: 1) in vitro MRS using isolated heart,2'6-10 2) in situ MRS in the myocardium after a catheterization of receiver coil"12 or on the epicardium by a surface coil after open-chest surgery,13 and 3) in vivo MRS focusing on a heart in a body. '4-16 The in vitro MRS is restricted to the isolated organ, and there is no cross talk from other organs, although an isolated heart does not long retain its metabolic activity. It For the development of in vivo TMR, we performed a preliminary study using a phantom. All TMR was performed on an Oxford Research system TMR 32/200 with a superconducting magnet of 1.85 T and 20-cm bore as described previously.'4,'5 Flip angle is dependent on the distance from the center of the surface coil to a sample pulse duration or pulse strength. 19 We designed several kinds of surface coil to increase the spatial sensitivity and finally prepared a handmade surface coil of a five-turn spiral solenoid made of silver-coated copper wire 1.5 mm in diameter with a 100-pF ceramic condenser.
The inner and outer diameters of the coil were 9 and 16 mm, respectively. Figure 1A describes the pilot study to determine pulse duration for 90°pulse of a test sample (5 M orthophosphate in water) in each hole of a matrix cell. 20 The detection area of in vivo`P-MRS was selected to cover heart, excluding liver and skeletal muscle, with the position identified by a transaxial section of a frozen animal body at the cardiac apex ( Figure lB) ."
In Vivo NMR Spectroscopy of Hamster Heart With or Without CM Male golden hamsters with CM (n=20) and their age-matched littermates (n=20) were purchased from Charles River (Boston, Mass.). The myocardial degradation process has been thoroughly studied by pathological, physiological, and biochemical analysis.2-23 After the animals were anesthetized with sodium pentobarbital (35 mg/kg i.p.), the 'H-and`P-NMR spectra were measured at 80 and 32 MHz, respectively.
The cardiac apex of an animal was identified by palpation. Figure 1B describes the validity of the heart position for the exact MRS sampling. In contrast to our previous report on sectional magnetic resonance in a homogeneous magnetic field,18 it was impossible to combine 'H-MRI with the present MRS in a focused magnetic field.
To average the intensity fluctuation of NMR signals originating from thermal noise, heartbeat, and respiration movement, 40 sets of successive data at a 1-second repetition rate and 300 sets of successive data at a 2-second repetition rate were accumulated for 'H-and P-MRS, respectively. T, values were examined by use of the standard 180oo90O inversion-recovery pulse sequence. 8 The saturation effect is generally dependent on the flip angle, the precision angle, and the repetition rate.'8 In our system, both angles vary between experiments because of the differing geometry of relative position between heart and surface coil and/or chemical environment of constituent molecules. To estimate the amount of magnetization, its relative intensity was calculated from the spectral ratio of chain methylenes (CH2)/water in 'H-MRS and creatine phosphate (CP)/ [f3-P]ATP in 3`P-MRS, respectively.
In the 3`P-MRS, the baseline was constructed by visual approximation,6-9 and overlapping peaks were separated at the bottom of each peak. (JEOL GX270). The rest of the left ventricle was frozen by a Wallenberger clamp that had been precooled in liquid nitrogen. The amount of CP and ATP was assayed by enzyme methods.26, 27 Because of the chemical fragility of CP and ATP during preparation of the left ventricular portion, we used the data of Dhalla et At the cardiac apex, a 'H-TMR demonstrated two peaks: a large water peak (assigned to 0 ppm) and a minor peak of CH2 at -3.5 ppm31'32 ( Figure 2) . A 31P-MRS revealed a distinct CP peak at 0 ppm (used as a reference peak in the present study), three small peaks of ATP from -2 to -17 ppm, and a small amount of Pi at +5 ppm ( Figure 2) . A small upward shift of the baseline reflected the immobile phosphate compound (presumably calcium phosphate in bone, rib, or sternum at precordium).
Skeletal muscle contains a large amount of highenergy phosphates,3'33 which might make an accurate measurement of the heart signal difficult. However, a phantom study using a synthetic phosphate compound at the portion corresponding to the animal's heart and skeletal muscle showed an excellent sampling from heart, and the contribution from the major pectoral muscle, intercostal muscle, and diaphragm was shown to be less than 7% of the total signals. Furthermore, 1H- Note that these ratios from heart were distinctly separated from those of epigastrium over liver or thigh over skeletal muscle and that the ratio from control animals (circles) was isolated from cardiomyopathic animals (triangles). To examine the reproducibility ofMRS at the apex, it was repeated on a different day using the same animals (open and closed symbols). MRS, magnetic resonance spectroscopy.
and`P-MRS above the skeletal muscle at the thigh showed skeletal muscle-specific spectra: a huge signal of CH2 compared with that in 1H-MRS of heart and a much higher content ratio of CP/ [13- CM animals demonstrated 25% less body weight (p<0.01), probably secondary to growth retardation. Heart weight did not change in the two groups. Accordingly, the heart weight/body weight ratio increased in the CM group by 27.9% (p<0.01).
Biochemical analyses showed an increment of water content in the CM group by 4.5% (p<0.05) but no change in total lipid content. CPK activity in cytosol was decreased in CM hearts by 13% (p<0.05). More than 10 seconds was required from opening of the chest until complete freezing of the rest of the heart in liquid nitrogen, during which time heart weight was determined and the heart was divided into four portions to measure water, lipids, CP Then we performed in vitro high-resolution SH-MRS in a portion of left ventricle (10 pieces of muscle in i-mm' cubes) suspended in saline made of D20 to assay mobile lipid and H20 that was not instantaneously exchanged by D20. Figure 5 shows an example of the SH-MRS, indicating that CM heart contained a larger amount of H20 and a smaller amount of CH2 than the CH2/H/0 ratio was much lower in the CM heart than in the control heart, as was the case in topical 'H-MRS in vivo in living animal body (see Figure 2) . Exact figures could not be compared in the in vitro and in vivo MRS methods because of the difference in magnetic field contour and flip angle. MRS, magnetic resonance spectroscopy; NMRs nuclear magnetic resonance.
control heart. Detailed examination of lipids after an electrical amplification indicated the most prominent peak of CH2 around -3.58 ppm and minor peaks of CH3-, {CHirCH=, or -CHz-CO-between -1.46 and -3.97 ppm.31 Between the control and CM hearts, there was no difference in the lipid species ( Figure 5 Both biochemical analyses and in vitro 'H-MRS of the isolated heart were qualitatively in good agreement with in vivo MRS data from living animals. However, it should be emphasized that MRS does not simply measure the absolute amount of a chemical constituent but rather is dependent on the molecular environment. A threefold difference in CH2/water ratio between the two animal groups is not solely a result of a change in lipid and/or water content in cardiac muscle cells. Other possible causes are water retention in the interstitium in the CM animals, as was identified in pathological or biochemical examination,22,24 and the reduction in content of mobile lipids in the CM heart, as was confirmed by the in vitro 'H-MRS of the isolated heart ( Figure 5 ). (Figure 4) . Furthermore, no significant change in fat content was detected in biochemical analysis (Table 1) , as was consistent with the report of Owens et al. 35 An in vitro 'H-MRS of the isolated cardiac muscle also documented the decreased ratio ( Figure 5 ). Accordingly, it might be reasonable to assume that in vivo MRS did sample the resonance signal that originated chiefly from cardiac muscle. In measurement of MRS of the heart, restriction of the detection area to a narrow area does not necessarily improve the S/N ratio because of the intrinsic movement of heart position due to beating and/or respiration. This might explain the reason for signal broadening of in vivo MRS ( Figure 2 ) compared with in vitro MRS in a fixed locus ( Figure 5 ).
The measurement of high-energy phosphates is also of great significance in cardiac energetics.36,37 Previous reports on biochemically determined CP/[1-P]ATP ratio also coincided with the present topical 3MP-MRS data of control, hypertrophic, and congestive heart. The cause of the ratio reduction in CM hamster heart is not clear but might be explained in part by 1) local myocardial ischemia secondary to the coronary spasm, as has been reported to take place in the BIO 14.6 strain38 as well as in humans39 and might be caused by the heterogeneous response of vascular smooth muscle cells4041 or 2) waste of ATP compared with mechanical performance in myocardial acidosis, as we described previously. 42 Global acidosis in myocardium is detectable by a chemical shift of Pi peak in 3lP-MRS.6,7,9,13 However, local acidosis, if any, would be too minute to be detected in the present assay.
It should be noted that 3TP-MRS data do not always coincide with biochemical analysis and might underestimate the amount of ATP, because MRS measures mobile ATP localized in the cytosolic fraction, whereas rived from both mobile and immobile fractions bound to macromolecules, such as the myosin head in the contracting apparatus, ion-transporting ATPases in sarcolemma and/or sarcoplasmic reticulum, and F1-ATPase in mitochondria. Therefore, the MRS data have to be interpreted with caution. The ratio reductions of CH2/ water or CP/[f3-P]ATP in CM heart might originate from different T1 relaxation times.
Although a cause of the ratio reduction was not clear, the present results did not detract from the promising value of the in vivo MRS, because the T, modification, if any, still shows an environmental change of molecules of interest under pathological conditions. The present study clearly indicates that TMR in vivo focused on the heart was useful in the metabolic diagnosis of cardiac hypertrophy or congestion and might also be applicable for the evaluation of therapy for these pathological states if a large bore with sufficient magnetic intensity is available for humans. Actually, using the same tool as ours, Ross et a143 reported the noninvasive diagnosis-of skeletal muscle disease. Furthermore, an anatomical visualization of the heart position by 'H-MRI in combination with the TMR would allow more accurate studies of heart metabolism, as has already been successfully accomplished in small animals13 and humans. 44 In MRS study of the whole animal, one should be aware that spatial resolution is not complete at the present state of technology for selectively sampling signals from a target organ without some contribution of signals originating from adjacent tissues. In this study, we used an animal model of CM in which the lesion diffusely involved the whole heart and was relatively restricted to cardiac muscle. For even more precise detection of localized lesions, such as myocardial ischemia, more advanced techniques must be developed in the future to obtain lesion-specific signals not contaminated with normal tissue.
